The complexity of modern powertrain development is demonstrated by the combination of requirements to meet future emission regulations and test procedures such as the real driving emissions, the reductions in the fuel consumption and the carbon dioxide emissions as well as the expectations of customers that there must be a good driving performance. Gasoline engine downsizing is already established as a proved technology to reduce the carbon dioxide emissions of automotive fleets. Additionally, alternative fuels such as natural gas offer the potential to reduce significantly both the tailpipe carbon dioxide emissions and the other regulated exhaust gas emissions without compromising the driving performance and the driving range. This paper presents results showing how the positive fuel properties of natural gas can be fully utilised in a heavily downsized engine. The engine was modified to cope with the significantly higher mechanical and thermal loads when operating at high specific outputs on compressed natural gas. In this study, peak cylinder pressures of up to 180 bar and specific power output levels of 110 kW/l were realised. It is also shown that having cylinder components specific to natural gas can yield significant reductions in the fuel consumption and, in conjunction with a variable-geometry turbine, a port-fuelled compressed-natural-gas engine can achieve a impressive low-speed torque (a brake mean effective power of 2700 kPa at 1500 r/min) and good transient response characteristics. The results achieved from the test engine while operating on compressed natural gas are compared with measurements from the baseline gasoline-fuelled direct-injection engine. In addition, a comparison between port fuel injection and direct injection of compressed natural gas is presented. This also includes an investigation into the specific performance challenges presented by port-fuel-injected compressed natural gas. The potential carbon dioxide savings offered by this heavily downsized compressed-natural-gas engine, of up to 50% at peak power and 20-40% for the driving-cycle region (including real-driving-emissions testing), are presented and discussed.
Introduction
Between 1990 and 2011, the total carbon dioxide (CO 2 ) emissions 1 from road transport have increased by 21%. The greenhouse gas emissions of the transport sector are still increasing, and this figure is predicted to increase further during the coming years, 2 driven by the rapidly expanding global vehicle fleet which is anticipated to increase 3 by over 63% during the next 20 years. For this reason, worldwide automobile development effort is keenly focused on measures to reduce the CO 2 output of vehicles. The CO 2 emissions values of a vehicle established via type-approval testing form a basis for consumer information, CO 2 regulation and CO 2 -based vehicle taxation. 4 In order to bridge the gap between current type approval and real-world results, as well as to align the various approaches used across the globe, the Worldwide Harmonised Light Vehicles Test Procedure (and hence the Worldwide Harmonised Light-vehicle Test Cycle (WLTC)) is being developed and is anticipated to replace the New European Driving Cycle (NEDC) in Europe after 2017.
Gasoline engine downsizing is already established as a proved technology to reduce the CO 2 emissions of automotive fleets. Further benefits are possible through more aggressive downsizing; however, the trade-off between the CO 2 reduction achieved and the vehicle driveability limits the level of engine downsizing currently adopted. 6 The ability to maintain or increase the level of engine downsizing, while retaining a good fuel efficiency across the majority of the engine operating map, provides manufacturers with a transferable, and scalable, means for assisting in meeting these stringent new CO 2 emissions targets across their entire fleet. For more than 20 3 10 6 vehicles, compressed natural gas (CNG) is currently the most common alternative fuel 7 to diesel fuel and gasoline and consists mainly of methane (CH 4 ). Even when from a fossil origin, purely because of its high hydrogen-to carbon ratio, CNG can theoretically provide a reduction in the CO 2 emissions of around 25% during vehicle operation compared with those from fossil diesel fuel or gasoline. 6, 7 This paper presents results from a 1.2 l three-cylinder engine which was re-optimised for operation using CNG as the primary fuel. The specific characteristics of CNG combustion were considered and the engine components redesigned to utilise better the properties of the fuel. The results from engine tests are presented and compared with a version of the same engine, which was comparably optimised for gasoline-fuelled operation. Engine tests were carried out at MAHLE Powetrain's facility in Northampton, UK.
Properties of CNG fuel
Natural gas, as an alternative to gasoline, offers specific benefits owing to its higher knock resistance, higher hydrogen-to-carbon ratio and higher specific energy content (Table 1) .
Methane, the prime constituent of natural gas, provides a theoretical CO 2 advantage of as much as 26% as a result of the higher hydrogen-to-carbon ratio and the higher specific energy content. Natural gas supplied from a national grid contains slightly lower methane content of typically 90-95%, which reduces the theoretical benefit to around 20%. Further CO 2 improvements may be possible by reductions in the fuel consumption enabled by the higher knock resistance, which can lead to less compromised combustion phasing and greater thermal efficiency at high loads. A higher compression ratio may also be enabled by these same characteristics, further improving the efficiency. The gaseous nature of the fuel can also provide theoretical emissions benefits, particularly when considering particulate matter. This is due to the lack of liquid fuel droplets in the charge air, which is a significant source for particulate formation. The highly homogeneous air-fuel mixture achievable with gaseous fuels also assists the consistency of combustion across the chamber. It should also be noted, however, that methane has a global warming potential 21 times higher than that of CO 2 . 12 This means that unburned or escaped methane (methane slip) which enters the atmosphere may offset the benefits already described. This effect can be mitigated in combustion engines by optimisation of the valve timing and use of a three-way catalyst. These aspects are investigated during this study and discussed in more detail in later sections.
Natural gas has a low density because of its gaseous nature, and therefore a high volume of fuel is required to achieve a stoichiometric mixture relative to liquid gasoline. If CNG is injected into the intake ports, or even further upstream, the volumetric efficiency of the engine is reduced owing to the volume displacement effect of the air, and the engine performance is reduced proportionally. This can be compensated by elevated boost levels, but this is not without disadvantages. The gaseous fuel also needs to be stored at elevated pressures (typically around 200 bar), which requires the use of high-pressure storage tanks. These can be challenging to package on a passenger vehicle and add extra mass when compared with gasoline storage tanks providing a similar driving range.
Storing the gas at high pressures also leads to some challenges when regulating the high pressure down to the desired injection pressures (typically 5-10 bar(g) for port injection). To achieve this, the gas must be expanded using a high pressure ratio, which results in a decrease in the gas temperature, even to below 0°C in some conditions (high fuel flow rates and high tank pressures). This can bring challenges in the design of the pressure regulators to provide the consistent control Table 1 . Comparison of the properties of natural gas and gasoline. [8] [9] [10] .
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Hydrogen-to-carbon ratio 3 behaviour needed to achieve stable fuel rail pressures. These issues can result in restrictions in the minimum operating temperature of the engines when using CNG. It is common to restrict the operation of the engines at cold starting temperatures until the engine coolant has warmed, as this is used to warm the gas regulator valve. An example of this is the VW Golf 1.4 TSI Bluemotion CNG, 13 which starts using the gasoline back-up fuel tank at temperatures below 210°C. It is therefore common for vehicles using CNG to have also an onboard secondary gasoline fuel system for cold starting.
MAHLE Di3 test engine
The engine used throughout this study is the MAHLE Di3 1.2 l three-cylinder downsized engine, as shown in Figure 1 . This engine has been the focus of previous papers 14, 15 and has, thus far, been configured as a gasoline-fuelled direct-injection (DI) turbocharged unit. Single and twin boosted variants were developed with power outputs ranging from 120 kW to 190 kW. All gasoline variants can operate to a minimum brake mean effective pressure (BMEP) of 3000 kPa, with a BMEP of up to 3500 kPa being achieved in the highestspecification variant. 16 For this study, the engine was adapted to run with CNG as the primary fuel. This was achieved in two development stages; in the initial stage a port fuel injection (PFI) CNG system was applied to the engine, while retaining the standard gasoline direct-injection (GDI) system for gasoline backup. The original power cell unit was used, which has a maximum in-cylinder pressure capability of 125 bar. During gasoline operation, this is rarely a practical limitation, even in the highest specific output variants of the engine. It was found, however, that the cylinder pressure limit became a restriction to performance when running on CNG. The 125 bar cylinder pressure limit restricted the BMEP output of the engine to 2400 kPa. The gasoline injectors also became a limiting factor when not in use during CNG operation. Without the cooling effect of the gasoline flowing through them, the temperature of the injectors, particularly at the tip seals, became too high, and the power output was restricted to 108 kW (against a target of 120 kW) to keep the injector temperature within the critical limits.
Based on the experience gained during this initial investigation, certain engine components were reoptimised to increase the maximum allowable cylinder pressure to 180 bar, which is more in line with diesel engine technology than with typical current production gasoline engines. Unlike diesel engines, the combustion characteristics of a gasoline or CNG engine do not prevent operation at high engine speeds. Automotive diesel engines are typically restricted to maximum operating speeds of 5000 r/min with many achieving the peak power at lower speeds (4000-4500 r/min). The CNG version of the Di3 engine can run at speeds of up to 6500 r/min, enabling a high specific power output (100 kW/l) to be attained. For this 'CNG optimised engine' variant, the drillings for the GDI injectors were left unmachined, with no changes made or required to the cooling jacket design. Port-injected CNG was employed as the primary fuel system, with a back-up gasoline PFI system also added. The gasoline system has a limited performance envelope because of the very high compression ratio of 13.3:1, which was selected for best part-load efficiency and was enabled by the very high knock resistance properties of CNG. The geometries of the intake port and the exhaust port were left unchanged from those in the baseline engine. 17 The CNG optimised engine was initially tested using the same specification of wastegate turbocharger (WG-TC) used on the single-turbocharger gasoline version of the engine, which is supplied by Bosch MAHLE Turbo Systems (BMTS). The same company also provided a prototype high-temperature variable-turbine-geometry turbocharger (VTG-TC) with the aim of realising improvements to the low-speed torque.
The detail of the changes made for the CNG optimised engine components are now discussed in detail. The 'CNG baseline engine' and the CNG optimised engine are compared with a gasoline variant of the same Di3 engine ('gasoline baseline engine') to enable an assessment of the advantageous properties of CNG. The engine specifications are summarised in Table 2 .
Component adaptation for the CNG optimised engine
The particular characteristics of CNG lead to some requirements and opportunities to adapt the design of a spark ignition gasoline engine for CNG operation. Some changes are required for functional and durability reasons, and other changes can optionally be made to enable the CNG benefits to be accessed fully. The changes made to the MAHLE Di3 to enable optimised CNG operation are described in this section. 
Port fuel injection and valve timing
The fuel injection system of the engine must be adapted or replaced to enable CNG operation. Most commonly, PFI systems are used with a supply pressure of between 5 bar(g) and 10 bar(g). Engines and vehicles are in series production with this solution, and the injector technology is similar to common gasoline port injection hardware. The gaseous nature of the fuel also helps to overcome some of the wall-wetting issues experienced with gasoline. PFI of CNG results in a significant intake air displacement effect because of the low density of CNG. The intake air and the CNG must both flow through the intake port, leading to higher boost pressure requirements. This may require the rematching and respecification of the turbocharger or a small reduction in the engine performance. MAHLE has tested an engine with this configuration, and it was found that an additional boost pressure of between 0.1 bar and 0.2 bar is required in high-load conditions to maintain the same brake torque output. When using PFI of CNG it is also necessary to operate without an exhaust-to-intake valve timing overlap. Valve overlap can result in a stronger low-speed torque and improve the run-up line performance; however, unburned fuel is passed through into the exhaust system. This unburned fuel cannot always be removed completely by a threeway catalyst if flowing in sufficiently high quantities or when the catalyst is not yet up to the operating temperature. As already mentioned, CNG has a high global warming potential and this 'methane-slip' effect must be avoided for environmental and legislative reasons.
The testing conducted on the CNG engine variants show the effect of the removal of the exhaust valve overlap on the low-speed torque output relative to the gasoline variant operating with higher levels of overlap. Figure 2 shows how this impairs the low-speed torque of the engine, to the extent that the knee point of the run-up line is delayed by around 500 r/min. This magnitude of low-speed torque reduction results in a decrease in the vehicle driveability and, in conjunction with significant engine downsizing, can cause an issue with vehicle pull-away in high-kerb-weight applications. It is possible to mitigate the negative effects of the removal of overlap by the adoption of more advanced boosting and fuelling technologies. These are discussed in more detail later, but all are likely to increase the cost of the engine hardware.
Over-fuelling
In gasoline-fuelled engines, it is possible to achieve an exhaust gas cooling effect by injecting a rich fuel mixture, which absorbs combustion gas heat when the excess liquid gasoline evaporates and changes phase to a gaseous state. This results in higher unburned hydrocarbon emissions, but the positive effect is to lower the temperature of the exhaust gas. This technique is commonly used in gasoline engines at high power outputs to keep the exhaust valves, the manifold and the turbocharger temperatures within the limits required for durability. This usually occurs outside the normal driving region, certainly outside those measured using current legislative test procedures. As a result of the recent recommendations to move to real-drivingemissions (RDE) testing, however, the over-fuelling region is likely to become of higher relevance, particularly in highly downsized engines, and the emissions in these conditions need to be controlled more tightly. Exhaust gas recirculation (EGR) 18 and water injection 19 are examples of technologies that can be used for gasoline engines to reduce the need for over-fuelling, but an additional boost pressure is required to drive EGR at high loads and both systems add cost.
Unlike gasoline, CNG is already in gaseous form and, as such, no phase change can occur and little cooling effect can be achieved by running with a richer mixture, which negates the benefit of operating rich for component protection. Thus, the entire engine operating region may be achieved with an equivalence ratio of one. It has been found, during testing at MAHLE, that the exhaust port temperature is typically lower than with gasoline combustion (Figure 3 ). This is thought to be due to the combination of a high compression ratio, and therefore a high expansion ratio, and relatively advanced combustion phasing. In addition, although the exhaust gas l coefficient for the CNG engine is always one, the gasoline engine utilises a rich mixture for component protection, as shown in Figure 4 . Without this, the CNG exhaust gas temperatures would be cooler still by comparison. The effect of the reduced exhaust gas enthalpy is discussed in later sections.
Combustion pressures
The measurements from this study indicate that CNG combustion is typically less retarded at high loads than gasoline is and has a faster initial rate of combustion in these conditions. The combination of these factors lead to significantly higher in-cylinder pressures and temperatures than with gasoline combustion at the same MEP. If the engine is not able to cope with these conditions, then the torque output of the engine is lower as the maximum cylinder pressure limit is reached at a lower brake output. From experience with the Di3 engine, if the gasoline P max limit of 125 bar is maintained, then a peak BMEP of only 2400 kPa is achieved (relative to the gasoline performance of a BMEP of 3000 kPa using the same P max limit). Re-optimising for higher cylinder pressures, in this case for P max up to 180 bar, allows a BMEP performance of 3000 kPa to be achieved using CNG while maintaining the combustion efficiency.
To enable reliable operation at such high cylinder pressures, it was necessary to redesign the piston, the pin, the rings, the connecting rod and the bearings. The Di3 base engine was confirmed by the use of simulation techniques to be capable of higher loads without structural modifications. The aforementioned components were redesigned for the new pressure targets, using measured piston temperature data as a boundary condition for finite element analysis (FEA). The piston temperature data were collected using the initial 125 bar CNG engine running at 108 kW, using piston temperature plugs. The design targets (the stress levels and the durability) set were appropriate for series production products.
The lightweight cast-aluminium piston ( Figure 5 ) utilises an integrated oil-cooled gallery in the piston crown to decrease the metal temperatures and to increase the lifetime. This design is made possible by using a salt-core casting process, and the cooling oil is fed by a targeted piston spray jet. The piston design also includes a cast-in first-ring carrier because of the very high combustion pressures and the expected piston operating temperatures. This helps the first ring to maintain a good sealing contact with the piston groove over a long service life. The diameter of the piston pin was also increased from 22 mm to 25 mm to reduce the stresses at the interface with the piston in order to withstand the thermal effects on the material in this region. The piston design process utilised FEA, correlated to the base engine using piston temperature data taken during testing of the baseline CNG engine, to optimise the structural strength and to minimise the weight. A diamond-like-carbon (DLC) coating was applied to the piston pin to minimise the friction and wear.
An ultra-lightweight connecting rod was designed for the CNG application. The very high combustion pressures, and correspondingly the high forces transmitted through the rod, require a high-strength connecting rod. FEA techniques were used to design a connecting rod of mass less than 500 g, helping to maintain the low-vibration characteristics of the base engine.
Finally, the main bearings and the big-end bearings were upgraded to withstand the significantly higher loading. The main bearings are of a thick steel-backed construction with an aluminium alloy overlay. The big-end bearings are of a thin shell design. A polymer coating is added to increase the overall load-bearing capability and to help to withstand the conditions present in critical situations such as the boundary lubrication present during stop-start operation. These changes increased the load-bearing capacity of the bearings to 60-70 MPa. MAHLE's in-house bearing analysis software was used, in conjunction with extrapolated cylinder pressure data, to select the material specifications, to check the bearing film thickness and the asperity contact levels and, ultimately, to ensure that the proposed solution was suitable for the application. Figure 6 shows a representation of the modified components used for the CNG optimised engine.
Lubrication effects
Gasoline fuel and its combustion products provide a lubrication layer between contacting components which help to prevent wear. These products are not present with CNG fuel or its combustion products, and higher levels of component wear are common unless material changes are made. Of particular concern is the interface between the intake valve and the exhaust valve and their respective seat inserts. In this location, an oxide layer normally provides a lubricating boundary between the components and reduces wear, but this does not form with CNG using standard components. To encourage the formation of the oxide layer, a different material mix of the sintered valve seat insert is used. Typically, this includes a higher proportion of cobalt, 20 which encourages the formation of the oxide layer. In addition, the higher pressures seen during CNG combustion also increase the contact forces between the valve seat insert and the valve seat, increasing wear further. For this application, based on experience at MAHLE with series production CNG components, the valve seat insert material was changed from a relatively simple material to martensitic steel with a moderate hardness (PLS007). PLS007 is a tool-grade steel with evenly distributed carbides and increased proportion of cobalt for improved wear resistance at high temperatures. The valve seat insert material was paired with nitrided valve seats.
Thermal effects
The fast initial burn rate of CNG leads to high temperatures and high pressures in cylinder, which can promote higher than usual formation of nitrogen oxides (NO x ). The relatively low exhaust port temperature, driven by the ability to run with a high expansion ratio and early combustion phasing, results in a low exhaust gas enthalpy. This can cause issues in turbocharged engines by reducing the turbine energy, causing a poorer lowspeed torque and slowing down the transient response. CNG also has a high ignition temperature, which means that the exhaust catalyst must achieve a higher temperature before its conversion efficiency reaches the desired point for emissions catalysation. It may also cause increased loading on the ignition system, which must already overcome the additional load imposed by the higher boost pressure and the higher compression ratio.
CNG combustion, fuel efficiency and emissions
The test data shown were collected using the CNG optimised engine with the typical engine optimisation control parameters shown in Table 3 ; the combustion phasing was set for the highest fuel efficiency or retarded owing to the onset of knock as defined in Table 3 .
Combustion phasing and burn rates CNG has a very high knock resistance and is rated at a research octane number (RON) of above 120 (the ASTM definition 11 of the RON scale ends at a value of 120). This enables the combustion phasing to be maintained at, or near, the timing for the highest efficiency, at around 8-11°crank angle (CA) after top dead centre (ATDC), considering the point of where the mass fraction burned (MFB) is 50% (Figure 7 ). This combustion phasing can be maintained to unusually high engine speeds and loads relative to a gasoline engine and ensure that a high engine thermal efficiency is achieved across the speed and load ranges. At some engine speeds, 11°CA and 50% MFB is not exceeded until a BMEP of greater than 2500 kPa.
The thermal efficiency of the CNG optimised engine peaks at 38.3% at 3000 r/min, for a BMEP of 3000 kPa, although an island of efficiency in excess of 34% exists for much of the boosted region of operation, as seen in Figure 8 . The thermal efficiency was calculated from the measured test data and the fuel properties.
The relative difference between the thermal efficiencies of the gasoline engine and the CNG optimised engine increases with increasing load because the gasoline engine becomes knock limited, as shown in Figure 9 . The difference becomes even larger as the requirement for over-fuelling on the gasoline engine is applied at a high power output, owing to component temperature protection.
The effect of knock on the combustion phasing is illustrated in Figure 10 , which shows the relative difference between the 50% MFB values for the gasoline engine and the CNG engine. The increased retardation required for the gasoline engine is very strongly driven by the engine load. The additional decrease in the thermal efficiency for the gasoline engine relative to the CNG engine, at high power outputs, is not reflected in the gasoline combustion phasing, which is strongly load driven. In this case, it is caused by the need for overfuelling for component protection.
Analysis of the burn duration shows that CNG typically burns faster than gasoline does in the 0-10% MFB range by up to 6°CA or approximately 50% faster, with the difference increasing as the engine load increases, as can be seen from Figure 11 . The combustion duration between 10% MFB and 50% MFB is similar to that of gasoline, with a duration of typically in the region of 9-12°CA across the majority of the speed and load ranges of the engine, as seen in Figure 12 . The final stage of combustion (50-90% MFB), which is shown in Figure 13 , is significantly slower using CNG, with burn rates slowing generally, but particularly at higher loads where the combustion phasing is retarded because of knock and R max (rate of change in the cylinder pressure) limits. The higher cylinder pressures and faster 0-10% MFB duration do not subjectively contribute towards an increase in the engine noise, although this was not measured. The gasoline engine is operated with the same limit for R max and is limited by this parameter in some conditions, which may partly explain the lack of difference in the subjective noise signature.
Fuel consumption and CO 2 emissions
The high thermal efficiency of the CNG optimised engine was discussed earlier and is reflected in the fuel consumption and the CO 2 emissions of the engine. To provide a like-for-like analysis of the brake specific fuel consumption (BSFC) of the CNG optimised engine relative to the gasoline variant, Figure 14 shows the BSFC corrected, on a mass basis, for the differences in the energy densities of the two fuels. The lowest observed BSFC is 218 g/kWh (which is lower heating value (LHV) corrected); without correction, the same condition (3000 r/min; BMEP, 3000 kPa) showed a BSFC of 200 g/kWh for CNG. By comparison, the BSFC measured on the gasoline variant at the same point was 330 g/kWh, with a best BSFC of 240 g/kWh at 2500 r/min and 1400 kPa BMEP (the LHV-corrected BSFC for CNG operation in the same conditions was approximately 235 g/kWh).
In addition to the measured fuel consumption benefits of CNG operation, it follows that benefits are also seen in the CO 2 emissions. The same relative trends that were seen with the fuel consumption and the thermal efficiency are again evident, but the lower specific carbon content of CNG reduces the CO 2 emissions relative to gasoline even further. Reductions in the CO 2 emissions across all operating conditions of approximately 20% are realised in the measured data owing to the properties of CNG, as seen in Figure 15 . Additional CO 2 reductions are then seen because of the reduction in the fuel consumption relative to that of gasoline, as the power output of the engine increases. Up to 50% less CO 2 is emitted from the CNG engine relative to that when the engine is running on gasoline. The increase in the difference follows the increasing engine power output and is due to the over-fuelling for component protection and generally increasing levels of ignition retard experienced with the gasoline engine.
The relative gains in the fuel efficiency at high loads (generally, in the boosted region) are of particular interest. As legislative test cycles increase in aggressivity in an attempt to reflect better the driving behaviour of consumers in the real world, the proportion of time spent in the higher-load regions of the operating map increases. In addition to the residence time in these regions, the absolute levels of the engine speed and the engine load also increase. The current test NEDC rarely requires a downsized engine such as the Di3 to run above 50% load or above 3000 r/min. Initial indications of RDE-style test cycles, such as the standardised random test 95 (RTS95) driving cycle, show that engines may reach full load, with significant operation at engine speeds up to 3000 r/min in moderately sized vehicles, as shown in Figure 16 .
The effects of these changes mean that gasolinefuelled downsized engines, in particular, tend to operate more in their knock-limited and over-fuelled compromised regions. The effects of this can be counteracted partially through adoption of knock-mitigating technologies such as EGR 18 and water injection; 19 however, the natural knock resistance of CNG enables efficient operation to be performed in these regions without the need for the additional cost, complexity and packaging challenges of these technologies. It is therefore expected that end consumers using CNG optimised engines can achieve fuel consumptions similar to those measured using current legislative tests. In contrast, it is possible that new test procedures may show significant increases Figure 14 . Measured BSFC (g/kW h) of the CNG optimised engine, corrected for the differences in the energy densities on a relative mass basis (relative to gasoline).
BMEP: brake mean effective pressure; CNG: compressed natural gas; BSFC: brake specific fuel consumption; LHV: lower heating value. Figure 15 . Measured percentage reduction in the CO 2 emissions using CNG relative to gasoline.
BMEP: brake mean effective pressure; CO 2 : carbon dioxide; CNG: compressed natural gas.
in the published fuel consumption values for some downsized gasoline-engine vehicles.
Exhaust gas emissions
Investigations carried out during the course of this study, using a mass market dual-fuel CNG vehicle demonstrated a significant reduction in the particulate emissions when using CNG in a back-to-back test carried out over the NEDC, relative to the gasoline baseline. The particulate mass emissions dropped from 89% of the EU6 limit for gasoline, to 8% of the same limit when the vehicle was operated using CNG. These results, combined with the comparable performance levels achieved relative to gasoline, help to provide significant air quality benefits while reducing the CO 2 emissions and retaining the vehicle performance.
Full-load performance

Steady-state performance
The effect of gasoline-appropriate cylinder pressure limits and the avoidance of valve overlap have significant negative effects on the full-load performance achievable using PFI CNG, as discussed previously. Figure 17 shows the torque curves for the three engine variants tested, all using the fixed geometry WG-TC. For all the torque curves shown in Figure 17 , the ignition was retarded to give the best torque on the run-up line and set for the lowest fuel consumption otherwise. Neither of the variants for the CNG engine achieves the fullload performance of the baseline gasoline engine at low engine speeds. The CNG optimised version achieves the full-load performance from 2500 r/min and above, because of the engine revisions enabling operation with a cylinder P max limit of 180 bar. The higher power output is in part possible because of omission of the GDI system, which removed the gasoline injector temperature limitations. Figure 18 shows some of the individual characteristics of the different modes of operation and different engine hardware levels discussed. As previously mentioned, the maximum cylinder pressure has a significant effect on the achievable torque of the engine when operating on CNG, but it can also be seen that the maximum cylinder pressure when operating on gasoline can stay well below the 125 bar limit, even though a peak BMEP of over 3000 kPa is readily achieved across a wide speed range. The gasoline combustion phasing is limited by the onset of knock, which causes the peak pressure to be delayed and to occur later in the cycle when the cylinder volume is larger, thus reducing the peak pressure. For optimised BSFC, the CNG combustion occurs earlier in the cycle, closer to top dead centre, resulting in higher peak cylinder pressures and temperatures. This is illustrated by the 50% MFB data, also shown in Figure 18 . The boost pressure required by the engine to maintain an equivalent BMEP level when operating on CNG is higher than that required when operating on gasoline, which is caused by the air displacement effect from the port injection of the CNG; this is evident from the data shown in Figure 18(b) .
The exhaust temperatures for the CNG variants are significantly lower than that of the gasoline variant. A disadvantage of this is the lower exhaust gas energy available to drive the turbocharger; this is particularly an issue at low engine speeds and has a markedly negative effect upon the transient performance characteristics of the engine. To address the issue of the reduced steady-state low-speed torque, a VTG-TC was investigated. This technology is currently uncommon on spark ignition engines owing to the high exhaust gas temperatures, which present mechanical challenges for the design of the variable-geometry mechanism. Many diesel VTG-TC units have a maximum operating Figure 17 . Comparison of the engine torques for the gasoline engine, the CNG baseline engine with a 125 bar cylinder pressure limit and the CNG optimised engine with a 180 bar cylinder pressure limit.
BMEP: brake mean effective pressure; CNG: compressed natural gas; WG-TC: wastegate turbocharger. temperature in the region of 875°C, which would be insufficient in this application. A new high-temperature VTG-TC was developed by BMTS for gasoline applications, and this was used to regain some of the lost lowspeed torque. The unit has a maximum turbine inlet temperature of 980°C, which is higher than the exhaust port temperatures seen, even at specific power outputs of 110 kW/l. Tests were conducted to establish the maximum low-speed torque achievable using the VTG-TC. The position of the variable-geometry mechanism was optimised to give the best engine torque, while maintaining very low levels of valve overlap to maintain engine-out emissions within the testing limits previously defined. The results of this study are shown in Figure 19 .
The VTG-TC provides a greater level of low-speed torque output and a more rapid rate of increase in the torque with increasing engine speed. Some of the gains in the low-speed torque are due to a rematching of the compressor specifications, as shown in Figure 20 . This is also reflected in the lower specific power output (100 kW/l for the VTG-TC versus 110 kW/l for the WG-TC). Higher pressure ratios are possible with the VTG-TC compressor map, although these are not necessary in this application as the maximum required boost pressure of about 1.8 bar(g) can be provided by the WG-TC. At the maximum engine load at low to medium engine speeds, the VTG-TC compressor map has a higher efficiency than the WG-TC map, resulting in a lower air outlet temperatures, lower back pressures of the exhaust gas and reduced pumping work.
The compressor wheel and the turbine wheel of the VTG-TC are both significantly smaller in diameter than those for the WG-TC, resulting in the capability to achieve a maximum operating speed in excess of 260,000 r/min. The compressor outlet temperature limit is 180°C and, to achieve the engine performance, it is necessary to operate the unit to this limit, by means of limiting the boost pressure. At around 3000 r/min with a full load, the compressor outlet temperature drops to around 170°C as the system travels through the point of best compressor efficiency but, at all other points, 180°C is required for the maximum full-load performance. A benefit of the reduction in the diameter of approximately 10% is the corresponding reduction in the rotational inertia of the rotating assembly, by approximately 40%. This reduction in the mass moment of inertia and the minor rematching of the compressor operating map provides a significant improvement in the transient response of the engine.
Transient performance
Transient response testing was carried out at a fixed engine speed of 2000 r/min to establish the relative differences between the different engine variants under investigation. The benchmark is set by the gasoline engine with a WG-TC. This engine configuration was previously installed in a demonstration vehicle and is established to have an adequate transient response and acceptable driveability characteristics, despite its heavily downsized nature. 17 Figure 21 shows that the baseline gasoline variant has a very strong torque response at 2000 r/min (the maximum torque is available from 1750 r/min). The torque increases quickly after the initial naturally aspirated response (the knee point), particularly considering that maximum torque at this speed requires a boost pressure of 1.6 bar(g). The optimised CNG engine equipped with the VTG- TC takes longer to reach the same torque. It takes twice to three times longer at the speed to reach 90% of peak torque using the VTG-TC; however, it takes much longer for the engine to achieve the peak torque.
The CNG optimised engine with a WG-TC does not achieve the peak torque at this speed within a sensible time frame. The reduced responses of the CNG engines is the result of avoidance of the valve overlap and cylinder scavenging and the significantly lower exhaust gas enthalpy. In the full-load target test conditions, the gasoline engine has a steady-state exhaust gas temperature of 975°C and the CNG engine with VTG-TC has a temperature of 800°C (Figure 22 ). The exhaust temperatures are even lower for the CNG with a WG-TC at approximately 720°C.
The exhaust gas temperature at the maximum torque is only indicative of the enthalpy problem. Relative differences in the exhaust gas temperature are seen at the start of the load step also, although they are only of the order of 50°C. The tests were carried out at 2000 r/min, and the engine load was set to a BMEP of 140 kPa. The testing showed that, by insulating the exhaust manifold and thereby increasing the gas temperature to the turbine by minimising heat losses to the wall, the time to the peak torque was decreased. Increasing cylinder scavenging also increases the exhaust enthalpy by increasing the mass flow through the turbine. Tests showed that cylinder scavenging, using CNG, also improves the time to the peak torque, but to the detriment of the HC emissions and the exhaust O 2 levels.
Effect of direct injection of CNG
It was shown that the main performance-related disadvantage of using port-injected CNG is the lack of valve overlap allowed for cylinder scavenging. This reduces the low-speed torque available and negatively affects the vehicle driveability. To avoid unburned CNG from being swept into the exhaust stream during overlap events, the fuel needs to be injected directly into the combustion chamber after the exhaust valves are closed. This technique has become common practice on gasoline engines in recent years but has not yet been demonstrated on series production passenger vehicle CNG engines.
CNG DI hardware was supplied by Delphi using an injector design with an external geometry very similar to the gasoline direct injectors already employed on a variant of the MAHLE engine. Application to the existing cylinder head design was therefore straightforward. The CNG regulator pressure was increased to a maximum of 16 bar(g) to allow the required injector flow rates. A modified CNG pressure regulator was supplied by Ventrex for this purpose. The maximum possible CNG pressure is not required in all engine conditions and is modulated appropriately. At low engine loads, for example, a lower pressure is required because of the minimum pulse width of the injector. Using the CNG DI technology, in-cylinder scavenging through valve overlap was enabled and the low-speed torque was improved, almost back to the levels demonstrated on the gasoline engine variant. This can be seen in Figure 23 .
The CNG DI system was tested using both the WG-TC variant and the VTG-TG variant. The low-speed torque was improved using the VTG-TC for the reasons established earlier. The small difference between the low-speed torque for CNG DI and gasoline DI is probabaly due to the lower exhaust gas enthalpy of the CNG engine, which results in a slightly reduced turbocharger performance throughout the run-up region. An additional benefit of the application of CNG DI is the better control of the in-cylinder air-to-fuel ratio. It was found that the positioning of the fuel injection in the intake runners resulted in a longer than desired fuel transport time. This made the modelling of the fuel flow into the cylinder complex. CNG DI eliminates the need for modelling of this type in the engine controller and allows more precise fuelling control.
Improvements in the pumping losses are also observed because, in the DI case, injection occurs after intake valve closing. In this case, the fuel does not have to pass through the intake valves and does not displace air within the cylinder during induction prior to intake valve closing, both of which require additional boost pressure effort. This improvement decreases the pumping losses, particularly at high engine loads where the air flow, and therefore the fuel flow, is highest. Pumping loss benefits of 6% were measured at 2000 r/ min for full-load operation. Other than the pumping loss benefit, the fuel efficiency of the engine is relatively unchanged by the upgrade from PFI to DI.
The DI system was implemented into the demonstrator vehicle, using the VTG-TC for the boosting system for best performance. Validation of the fuel consumption and the emissions status is planned. The coldstarting capability was achieved at ambient soaked temperatures as low as 24°C, although the start quality is poor. Further work to optimise the engine calibration for extreme cold starting may yield improvements.
Limitations and engine design compromises
The benefits of CNG were outlined; however, there are some compromises and negative effects that should be discussed for a balanced view. Full optimisation for CNG includes increasing the compression ratio to maximise the efficiency and removing the GDI system, or developing GDI components better able to withstand the high temperatures when not in use. Removing the GDI system necessitates the addition of a port-injected gasoline system for cold starting and emergency operation if the CNG tanks are emptied. In these conditions, the compression ratio limits the performance of the engine when running on gasoline, perhaps to a BMEP of only around 1000 kPa. This level of performance is only sufficient for a reduced-operating-range limphome mode. This is perhaps acceptable in markets where CNG refuelling stations are abundant and the ambient temperature does not stay below 0°C for prolonged periods of time; otherwise a dual-fuel system, which is less optimised for CNG and retains a GDI system, may be more suitable.
Emissions of CNG into the atmosphere can have harmful effects on the environment because the global warming potential for methane is 21 times higher than that for CO 2 . Special care therefore needs to be taken during transportation, compression, storage, refuelling and operation to minimise any escape of CNG into the atmosphere.
Increasing the in-cylinder pressure capability of the engine components and engineering them to resist the lubrication issues presented by CNG can lead to increased component costs and weights. However, with careful design, both of these factors can be reduced. In addition, the promising emissions results presented indicate that the costly and heavy additional aftertreatment systems that have become normal for diesel engines and may still be required for GDI engines may be avoided for CNG.
Finally, the added weight and packaging challenges presented by the necessary high-pressure CNG storage tanks apply a significant negative factor in terms of the fuel consumption and the impingement on passenger space, luggage storage and exhaust routeing options. Consumers may also be concerned regarding the crash safety of such systems, although measures can be taken to minimise any additional risks.
Conclusions
The potential of CNG as a fuel for spark ignition engines in passenger cars was investigated using the MAHLE Di3 engine as the basis. Variants with engine components optimised for CNG were tested and compared with a gasoline version and a CNG-adapted version of the same engine without the CNG optimised components. Significant benefits for reductions in the fuel consumption and the emissions of particulate matter and CO 2 were established. The fully optimised engine demonstrated significant measured improvements in the best thermal efficiency ( + 14%) and the CO 2 emissions (-50%).
The BSFC was also significantly improved across the whole operating area, with the best BSFC as low as 200 g/kW h, compared with 240 g/kW h for the gasoline engine. The largest benefits were seen at high loads and high power outputs, making CNG highly relevant as a solution to deliver real-world fuel consumption and emissions benefits for end consumers and in arduous RDE cycle test conditions. The challenges and specific requirements for redesigning engine components to utilise fully the potential of CNG as a fuel were outlined and discussed. MAHLE also demonstrated that the required powertrain components are customer ready. It is clear that widespread adoption of CNG as a primary fuel requires the implementation of an expanded refuelling infrastructure in some territories. In comparison with the challenges posed by the absence of infrastructure for some other future propulsion technologies, CNG presents fewer challenges in this regard and can potentially be adopted relatively quickly. On the basis of the results of this investigation, CNG presents a compelling option for the future of passenger vehicle propulsion.
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